Mathematical models for the prediction of physical properties of the charge (e.g specific heat, density, and thermal conductivity) and heat of reaction during thermal decomposition of coal to coke have been constructed in terms of the changes in the chemical composition and structure. For realistic quantification of thermal transport processes in the oven , it is essential to predict the physical properties of the charge as they evolve during the carbonisation process. The models are based on the predictive procedure developed to address volatile matter evolution during carbonisation from knowledge of coal proximate analysis, ultimate analysis and heating profile. A first principle based formalism has been adopted to predict the physical properties of the charge and heat of carbonisation reaction as a function of the charge temperature during carbonisation supported with pertinent data. The predictions have been validated with published data, wherever possible. The models of physical properties are expected to generate critical temperature dependent property data of the oven charge, which would be vital for further development of a rigorous oven heat transfer model during carbonisation.
INTRODUCTION
Coal is destructively distilled in coke ovens to produce coke, and several by-products such as tar, ammonia high molecular weight hydrocarbons and coke oven gas. The blast furnace is to date the prime mover for pig iron production, which uses, besides other raw materials such as sinter and iron ore, coke for the purpose of reduction of oxides. Almost 500 kg of coke is consumed per ton of pig iron produced, and hence it is vital to integrate coke ovens with blast furnace production facilities. The coke produced has to meet stringent quality requirements, as it must withstand heavy burden load at high temperature inside the furnace. It is the only material inside the blast furnace which remains solid at temperatures of the order of 1773K, and supports the weight of other burden materials which react and melt. Some critical tests e.g. CRI (coke reactivity index ) and CSR (coke strength after reaction ) are conducted to ensure that the blast furnace is supplied with quality coke. As the coke moves on belt conveyors and undergoes several drops during transfer the Micum index test is also performed to ensure that it has requisite abrasion and impact resistance . Although most coke ovens used today are of the top charge type, there is an increasing tendency to adopt the stamp charge design. This is due to the fact that good quality coking coal is fast depleting worldwide, necessitating pre-treatment by stamping moist
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coal particles in a specially designed stamp-charge machine to provide high bulk density and uniform carbonisation inside the oven. In countries like India, where there is a dearth of quality coking coal, some steel plants have adopted this technology in which indigenous coal is blended with quality imported coking coal.
COKE OVEN CARBONISATION
The basic flowsheet of the carbonisation process during coke making has remained unchanged for almost a century. Coal is crushed so that about 80% of particles are less than 3 mm in diameter. It is then either charged from the top or stamp charged using stamp-charging and pushing (SCP) machine into slot-type ovens. A battery can contain several ovens usually 54 to 72 in number. The ovens, made of silica refractory brick, are of vertical slot type and are heated indirectly through the sidewalls. Between the walls of adjacent ovens are flues through which the combustion products of the fuel gas pass, maintaining the oven wall at a temperature in the range 1373K to 1573 K. Figure 1 shows a schematic of a coke oven battery for coke making operation.
The charge temperature history is of significant importance, together with the stages of carbonisation. Heat in the oven is transferred from the flue chamber through oven walls to the coal mass which gets heated rapidly, layer-wise with the evolution of moisture which escapes through the outlets at the top of the oven. Coking coals generally volatilise between 623 and 673 Κ and tar, ammonia and coke oven gas are generated at still higher temperatures. Layers of coke, semi-coke, coking front (plastic zone), dry and moist coal occur in the oven from the wall inwards until the end of the carbonisation stage, which concludes when the centre mass temperature reaches about 1200 K. The plastic zone is impermeable and the gas generated in the unreacted mass tends to bulge this layer resulting in stresses on the walls, which in extreme cases may be damaged. At a certain temperature, shrinkage occurs in both the width and height directions of the oven, fissures form in the surface layers of coke and general porosity exists in the interior coke cake. The total carbonisation cycle lasts about 18 to 20 hours, after which the coke is pushed out and quenched to ambient temperature, sized and stored.
The coking process is thermally driven /1-4/ and, therefore, accurate characterisation of heat transfer is fundamental to the development of any successful carbonisation model for the coke oven. The transfer of heat from the oven walls to the interior of the charge results in large temperature gradients. During coking, the temperature history of the charge can affect the plastic properties of the coal and severity of the contraction strains, which cause cracks and fissuration, both of which in turn affect the coke quality.
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ANALYTICAL MODELLING APPROACH
The thermal behaviour of stationary packed beds of granular material is a problem of frequent interest in the processing of materials. However, the particular task of determining the response of the charge with temperature dependent properties within the individual oven of a coke oven battery to heating from the adjacent flues is rendered especially difficult by the associated phenomena, which must be taken into account. The predominant processes are: (1) evolution of volatile matter and change of composition of the charge during carbonisation, (2) thermo-physical properties which are strongly dependent on local temperature, (3) various exothermic and endothermic processes, particularly phase changes and structural rearrangements, which act as sources or sinks of energy. Because of the variety of processes involved and the transient, multi-dimensional nature of the problem, attempts to model commercial coke making process are somewhat scarce and challenging /l-4,5,6/.
Model for volatile matter evolution
Models of the thermo-physical properties of the charge during carbonisation in the stamp-charged coke ovens critically depend on the composition and yield of the charge and volatile matter evolution during the coking cycle to be known a priori. Provided that the composition and rate of evolution of each of the volatile matter species can be predicted, the mass and composition of the charge can be calculated from that of the coal by mass balance. This methodology forms the basis of the present model. For keeping the analysis mathematically tractable, only the compositions of the coal / blend in terms of carbon, hydrogen, oxygen, nitrogen and sulphur is considered. Other elements are known to occur in coal, but amount to less than 0.3% and are therefore, ignored. The composition on the basis of ultimate analysis for typical coals used in Indian steel works has been used in this study.
The kinetics of volatile matter release can be described by a system of parallel first-order reactions/5,6,/ for which the rate constants vary with temperature according to Arrhenius relationship in a generalised framework.
where δ is the fraction of the component of volatile matter released during time t, κ is the frequency factor, Ε is the activation energy, R is the universal gas constant and Τ is temperature in Kelvin (K). Each of the volatile matter species is subdivided into components corresponding to different activation energies and the release of each of these components is described by equation (1). The activation energies III for the volatile matter species do not, in general, correspond to Gaussian distribution; therefore, a transformed RossinRammler function is used instead to describe the distribution /!/.
where Eo is the starting activation energy, ε and β vary both with species and coal rank and Ν is the number of species considered in the volatile matter. For the j' h volatile matter species, the cumulative amount mj expressed as a fraction of dry ash free (daf) coal released at a time t is given by ι
where mj are the final yields (as mass fraction of daf coal) of coke for the j lh species.
Therefore, the rate of release of species is given by dm.
Equations (3) and (4) 
Models for prediction of physical properties of the charge
The 
(B) Heat of Reactions:
It is often observed that the centre of an oven charge becomes hotter than the wall towards the end of carbonisation, indicating the existence of endothermic reaction. Heat balance on a coke oven shows that the net effect of the reactions is to provide approximately 15 -20 % of the total heat required for carbonisation (equivalent to 0.45 MJ /KG initial coal basis at ambient temperature, i.e excluding enthalpy changes). Heats of reactions of this magnitude will clearly have a significant effect on the temperature history of the coke oven charge. The heats of exothermic reactions during carbonisation /8,9/ can be given by the following 
where q is the heat release, daf coal basis, Uj , (j = 0,1,2...N), are heats of formation at temperature Τ and nij , (J= 0, 1,2 N), are the mass fractions of carbonisation products daf coal basis. The index, j = 0,1...N+l refers to char and the volatile matter species considered in the model of volatile matter evolution. The heats of formation at temperature Τ Κ for the volatile matter species is approximated by a quadratic function of temperature /7-10/:
The coefficients Pj k are derived from standard tables of physical and chemical properties /9,10/. For the char the heat of formation is calculated from the standard heat of combustion using Hess and Kirchoff law/11-14/:
Ah= £(% w) /=! /μ ' (11) and ^ is the respective atomic weight of the element 'i'
Using equations (7) - (12), the rate equation for heat release can be expressed as:
The heat release can also be expressed in terms of volatiles release rate in the following form:
where where H= Heat of combustion at 298 Κ, φϊ (i=l ...5) are constants representing the heats of combustion of elements C, Η, Ο, Ν and S, respectively (at 298 K) and Ah is the change in enthalpy from 298 to Τ Κ. The values of the coefficients φ ί are available in the standard tables. The correlation, as cited in the literature /7,8/ has been used to evaluate heats of combustion of coal and t coke in terms of their ultimate analysis.
where y, is the mass fractions of element 'i' on daf basis, and each λ, is a known constant Π,/. The enthalpy changes from 298 to Τ Κ for the coal, char or coke are given as:
(C) Specific Heat:
The Dulong and Petit law states that the specific heat of a substance may be calculated as 3R J/Kg-atom-K, where R is the gas constant ( 8314.4 J / Kmol -K). This law is found to be approximately true for many substances at ambient temperature, although in some cases the value 3R J/Kg-atom-K is approached only at elevated temperatures. Classical statistical mechanics provides a theoretical interpretation of Dulong & Petit law. The principle of equipartition of energy states that the mean energy associated with each degrees of freedom of the molecule is the same, and is proportional to temperature. For a solid, each atom is able to oscillate independently in each of the three dimensions, but there 
High Temperature Materials and Processes (D) Effective Thermal Conductivity:
It is assumed that that the main mechanism responsible for heat transfer in a coke oven charge can 
where, Κ part is the overall effective thermal conductivity of the particulate charge; ko, k|, k2 and k3 are respectively contributions from solid conduction, gas conduction, radiation across the interstices and conduction through moisture and,
where, ε is the total charge porosity. Κ coke = (1-ε) ko + ε k| + ε inl k2 + ε cxt k2
where Κ a,kc is the overall effective thermal conductivity of the coke charge, ε is the total charge porosity; ε in, the 
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RESULTS AND DISCUSSION
As stated above, the calculations for each of the physical properties models are primarily based on the predictions of the volatile matter evolution model and temperature alone. Volatile matter evolution is described in the model by a system of parallel first order reactions governed by a distribution of activation energies. The predicted primary and secondary volatile matter yield (daf initial coal basis) are shown in Fig. 3 and Fig. 4 , respectively. The predicted total yield of volatile matter (at heating rate of 3 Κ / min) is shown in and widely referred to in the literature 16-9/ for top charged coke oven. Literature pertaining to stamp charged coke ovens are extremely scanty. In principle, the basic process phenomenology for both stamp charged and top charged batteries are intrinsically similar except variations in the bulk density and moisture content of the charge. Figure 6 shows the variation of carbon and hydrogen content of the charge as carbonisation process progresses. The predicted pattern of the total volatile matter release is in reasonable general agreement with that observed experimentally. In particular, the model reproduces the rapid evolution of primary volatile matter between 673 Κ and 773 K. The trends are found to be quite consistent. Figure 11 shows a comparison of the thermal conductivity variation of the charge as a function of charge (coking) temperature during carbonisation in stamp and top charged ovens with different bulk densities. Since the charge bulk density in the stamp charged oven is higher
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than the top charge oven, the effective thermal conductivity of the same coal is found to be higher in the stamp-charged oven during full carbonisation cycle. This verifies that the approach is fundamentally consistent with the process phenomenology.
CONCLUSION
A series of models relating the physical properties of an oven charge to the changes in chemical composition has been developed. The models are based on the fundamental concepts and some published data and are constructed in conjunction with volatile matter evolution model. The model of volatile matter evolution predicts the yield and composition as a function of temperature from the ultimate analysis of the coal and the heating rate for a typical the coke oven. The model considers the evolution of the following species, primary volatile matter, methane, carbon monoxide and hydrogen. The evolution of these species is governed by parallel first order decomposition reactions, the rate constants for which depend on a distribution of activation energies. For prediction of the carbonisation heat of reaction a heat balance model relating the heat release at any stage of carbonisation to the cumulative yield of volatile matter species has been developed. The actual heat release occurs as the semi-coke matures. The carbonisation heat release does not occur until the semicoke is converted to coke with the release of the volatile matter. Predictive models relating the thermo-physical properties of the oven charge in conjunction with the change in chemical composition and structural characteristics are also developed. These models provide mechanistic interpretation of the fundamental processes and published theoretical and experimental investigations. The main source of some deviations in some of the predictions is attributed to lack of availability of comprehensive database for Indian coals and variation of coal compositions with regard to geographical location. However, the results obtained from the mathematical model predictions are in good agreement and fairly consistent with those available in the published literature 16-9/ (deviations are less than 5%). The model-based code (COKESIM-2) can be a useful industrial tool for prediction of physical properties of coke oven charge during complete coking cycle.
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